One contribution of 13 to a theme issue 'The biomedical applications of graphene'. A challenge in regenerative medicine is governed by the need to have control over the fate of stem cells that is regulated by the physical and chemical microenvironment in vitro and in vivo. The differentiation of the stem cells into specific lineages is commonly guided by use of specific culture media. For the first time, we demonstrate that human mesenchymal stem cells are capable of turning spontaneously towards neurogenic lineage when seeded on graphene-augmented, highly anisotropic ceramic nanofibres without special differentiation media, contrary to commonly thought requirement of 'soft' substrates for the same purpose. Furthermore, pro-inflammatory gene expression is simultaneously suppressed, and expression of factors promoting focal adhesion and monocytes taxis is upregulated. This opens new possibilities of using local topo-mechanical cues of the 'graphenized' scaffold surfaces to guide stem cell proliferation and differentiation, which can be used in studies of neurological diseases and cell therapy.
Background: the challenge of stem cell environment control
Cell therapy, and especially stem cell applications, is one of the main aspects of tissue engineering and regenerative medicine to achieve proper repair of tissues and organs whose functionality has been destroyed due to disease or traumatic events [1] [2] [3] [4] [5] . The use of human mesenchymal stem cells (hMSCs) in regenerative medicine has continuously gained increasing attention due to their capacity to differentiate into multiple lineages under appropriate conditions, caused by a large number of environmental cues [2, 3, 5] .
The modern therapy concept and the majority of the stem cell studies are based on the isolation, culturing and application of autologous stem cells, which are induced to differentiate into specific lineages by a chemical stimulus. In a natural environment, most of the stimuli, which stem cells require to proceed, are transduced via the extracellular matrix (ECM). The ECM together with other actors commonly provides a complex network of biochemical, physical and mechanical cues that, in the long run, determine cellular behaviour [6] [7] [8] [9] [10] . Various materials and scaffolds have been used for stem cell research and cultivation [11] . Properties of scaffolds are usually designed to mimic the natural ECM that assists proliferation, differentiation and biosynthesis of the cells, whereas cell behaviour can be quite diverse in response to a specific scaffold. For example, scaffold stiffness for brain tissue has to be low, but for a bone it has to be high [10] [11] [12] [13] ; however, widespread applications of the developed substrates remain limited lacking deep understanding and controlling the basic cell-scaffold interactions [11] [12] [13] [14] . The availability of oxygen and nutrients, biomaterial stiffness and surface topography of the scaffolds are among many factors driving the fate of stem cells [2, 7, 9] . Emerging efforts have focused on the development of strategies to provide instructive signals for selective promotion of a needed functional & 2018 The Author(s) Published by the Royal Society. All rights reserved.
phenotype [12, 13] . It is commonly accepted that proper, geometrically and mechanically anisotropic scaffolds present challenges for tissue engineering, clearly evidenced in the number of studies [5, [7] [8] [9] [10] [11] [12] [13] [15] [16] [17] [18] .
The design and selection of the scaffold with required properties is of paramount importance in the development of tissue engineering and regenerative medicine approaches, where stem cell development and differentiation have to be controlled without the use of chemical stimuli (such as specific differential media). Among new materials, graphene has recently gained an enormous attention, as it has demonstrated substantial impacts in regenerative medicine [19] and tissue engineering [20, 21] despite it along with graphene oxide also being reported to be cytotoxic [22] [23] [24] . Graphene-coated surfaces with different stiffness and roughness have been shown to accelerate cell adhesion and proliferation of hMSCs into osteocytes [25, 26] and adipocytes [27] . MSCs were committed towards cardiomyogenic lineage by culturing them on graphene by regulated expression of ECM and signalling molecules [28] . Despite the results of hMSC differentiations on the graphene surface, molecular mechanisms and specific marker expression have not been evaluated in sufficient detail. More in vitro studies will be extremely useful for a detailed understanding of different mechanisms of cellular differentiation to develop possible strategies for regenerative medicine with graphene-type materials and scaffolds.
Recently, we have demonstrated novel, grapheneaugmented inorganic nanofibre (GAIN) scaffolds capable of mimicking ECM providing highly anisotropic environment combined with oriented porosity [29] [30] [31] , guiding cells to line up along the longitudinal axis of the fibres with a spindle-like shape and more than usually elongated cytoplasmic lamellipodia extensions. These GAIN scaffolds do not impede the normal growth of MSCs, whose oriented morphology indicates cell polarization for the preference of a specific differentiation [29] . Here, for the first time, we demonstrate that MSCs seeded on the 'graphenized', highly anisotropic ceramic nanofibre scaffolds undergo a spontaneous differentiation into neural lineage without any external stimuli.
Augmenting graphene on aligned ceramic nanofibres
The unique self-assembled metal oxide fibre network with an average single fibre diameter of approximately 40 nm and length of 2-10 cm with 85 -95% oriented porosity was produced using a bottom-up approach of controlled liquidphase oxidation [30, 31] . These substrates were used for graphene shell growth in a single-step process of novel catalyst-free chemical vapour deposition (CVD) at 10008C at ambient pressure in a mixture of N 2 þ CH 4 gases (figure 1) [29, 30] . In contrast to many other studies, graphene on the nanofibres (estimated thickness of order of approximately 1 nm, figure 1 ) was not functionalized in any way and became augmented to the underlying oxide fibre surface during the manufacturing process. Before detailed study of the hMSC reactions on GAIN, the scaffolds were tested for their biocompatibility (electronic supplementary material, figure S1 [32] ). It was confirmed that for a wide-range biocompatibility, the GAIN milieu demonstrated for MSCs activated chemo-attracting profile that was not accompanied with a severe immune response. Additionally, the GAIN scaffolds were confirmed to contribute to membrane reorganization and morphological changes that could be a predisposition for further MSC fate choice.
Proof of human mesenchymal stem cell proliferation and growth on grapheneaugmented inorganic nanofibre
Biophysical characteristics of the material such as elasticity (stiffness), nano-patterning (nano-topology) and other properties directly modulate morphogenic effects of stem cell growth and proliferation [3, 5, [7] [8] [9] [10] [11] [12] [13] [33] [34] [35] [36] . Dynamics of MSC growth on the GAIN (figure 2) demonstrated that cell morphology on the scaffold changes from irregular on the first day towards elongated and highly oriented on the third day. Up to the seventh day of MSC proliferation on the GAIN, extended lamellopodia protrusions form multiple cell -cell contacts and highly organized cell structures and networks that can impact several developmental processes. Acting as a mechano-transducer of differentiation, focal adhesion provides the transmission between the MSC signal molecules and matrix of the scaffold [9] . Thus, GAIN supports MSC attachment and proliferation by membrane adherence and spreading, actively affecting actin cytoskeleton remodelling. It is seen that MSCs not only remained viable during their growth on the scaffold, but also Figure 1 . The schematics and the structure of the GAIN scaffolds for cell culturing: (a) ceramic nanofibre porous matrix subjected to graphene deposition by CVD, (b) a picture of as-received GAIN scaffold, (c) nanostructure of the GAIN scaffold as seen by scanning electron microscopy and (d ) atomic layer structure of GAIN as visible by transmission electron microscopy.
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progressively proliferated in time. It is not surprising that the mechanical input from the substrate is the first signal that a cell receives and must respond to, as mechano-transduction operates quickly throughout the cell and modulates by changes in actin cytoskeleton nearly every aspect of cell physiology [9, 10, 12] . For evaluation of early neurogenic markers, expression level of nestin by MSCs on the GAIN scaffolds and on the glass controls have been compared (figure 2). Nestin is an intermediate filament protein originally described as a marker of neural stem cells that appeared during the development of the central nervous system and downregulated during cell differentiation into neurons or glial lineages [37] . Nestin-positive MSCs are reported as being exhibited during osteogenic differentiation and represent different cell population at various developmental phases [38] . Nestin is expressed in a wide range of different cell types and considered as a clear marker of MSCs [39] . MSCs cultured on glass control expressed nestin on the first day of proliferation, after that showing reduction of its level. On the contrary, GAIN scaffolds affected nestin expression positively and its level was increased in time versus control (figure 2). This proves that GAIN indeed modulated the MSC behaviour and eventually influenced their neural and osteogenic potential. Altogether, the analysis confirms that MSCs actively interact with GAIN scaffolds, modulating cell morphology, alignment and adhesion, being a prerequisite for MSC fate decision choice.
Evidence of spontaneous human mesenchymal stem cell differentiation on graphene-augmented inorganic nanofibre
Nestin signal induced during MSC proliferation on the GAIN scaffolds is an indication for neural potential of growing cells and also induction of their osteogenic features. Therefore, GAIN scaffolds were analysed in more detail for their ability to drive differentiation by analysing various markers relevant for cardiogenic, osteogenic and neural differentiation. rsfs.royalsocietypublishing.org Interface Focus 8: 20170037
grown on GAIN was carried out and compared to the results of control cultures (glass-adhered MSCs). MSCs grown on glass do not have expression of neuronal differentiation marker TUJ1 (TUBB4) until fourth day of culturing and have only low levels of glial-specific protein GFAP (electronic supplementary material, figure S3 ) expressed. At the same time, MSCs on the GAIN showed high expression of TUJ1 and GFAP proteins. Interestingly, the expression of GFAP on the GAIN was rather homogeneous for the majority of the cells, and for TUJ1 staining, some cells were strongly TUJ1-positive. It is known that MSCs are more prone to differentiate towards glial type, so neuronal development found on GAIN definitely has benefited from an extra stimulus and support from the scaffold environment.
Discussion
Selective hMSC neural differentiation shown could be therefore supported by graphene especially on the very high stiffness (ceramic) scaffold, but seems to be achievable only in combinations with the proper morphology features of the material. In the case of GAIN scaffolds, the graphenated nanofibres are already highly anisotropic and self-aligned [30] , with composition and nanostructured topography able to provide suitable three-dimensional microenvironment for spontaneous cell reorganization and differentiation. In whole, GAIN scaffolds clearly demonstrated the potential to induce neural differentiation of MSCs, only due to their topographical and physico-chemical features. In contrast with other studies analysing inflammatory and toxic reactions of cells on graphene materials, the present analysis of inflammatory factor expression by MSCs on GAIN did not indicate levels which might be relevant to severe immune reactions.
Conclusion
New GAIN scaffolds represent a novel biocompatible material capable of direct facilitation of MSC attachment, proliferation and early guidance of cell spontaneous differentiation towards neural lineages, just due to its topo-mechanical features. In contrast to known requirements of low stiffness substrates to guide hMSCs into neural lineages and high stiffness for, for example, rsfs.royalsocietypublishing.org Interface Focus 8: 20170037
osteogenic lineage [7, 10, 12, 13] , here unexpected results show opposite trends-preferred neurogenic and suppressed osteogenic tendencies. It can be speculated that this effect on GAIN scaffolds might reveal new information about true actions of 'clean' mechano-transduction pathways (in the absence of other factors or media) for hMSC fate, which can possibly open new perspectives for studies of neurogenesis, modelling of neurological diseases and cellular interactivity, including the effect of various drugs and therapies.
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